INTRODUCTION
Particle size has been considered to an important factor controlling the distribution of radiocesium in soils and sediments contaminated by nuclear weapon testing and nuclear power plant accidents. Previous research indicates that fine particles have higher radiocesium concentrations radiocesium is mineralogical compositions (Nakao et al., 2012; Fan et al., 2014a) . It is well known that Cs is strongly adsorbed and fixed in phyllosilicate minerals such as clay minerals (Cremers et al., 1988; Bostick et al., 2002; Qin et al., 2012; Fan et al., 2014b) . However, it is often difficult to distinguish the influence of particle size and mineralogical composition on the size distribution of radiocesium because they are closely related. Clay minerals are concentrated in fine grain fractions primarily by chemical weathering of granitic rocks (Nesbitt et al., 1996 Tanaka and Watanabe, 2015) . Weathering of other rocks, such as sedimentary rocks and volcanic rocks, can also produce fine clay minerals. In addition, fine particles of clay minerals are also transported as aeolian dusts (Takebe, 2005) . Therefore, the sources of clay minerals through various transport paths should be considered.
In this study, we show the contrasting size distribution of FDNPP-derived radiocesium observed in our previous works to highlight the importance of size distribution of radiocesium in riverbed sediments (Fig. 1) . Stream sediments collected at a pasture site located in the upstream area of the Abukuma River system showed a relatively smooth decrease in 137 Cs concentration with increasing particle size. In contrast, two distinct characteristics were observed in the size distribution of 137 Cs at the Kuroiwa site, which is located in the midstream area of the Abukuma River system. Firstly, the coarse sand fractions (500-850 and 850-2000 mm) had higher 137 Cs concentration than fine-medium sand fractions (63-125, 125-250 and 250-500 mm) and secondly, an abrupt drop of 137 Cs concentration was observed at the boundary (63 mm) between silt and sand size fractions. It is difficult to understand the contrasting size distribution of radiocesium in the sediments from the pasture and the Kuroiwa sites because they are composed of various mineral grains. However, a detailed study of sediments could provide useful insights with respect to the size distribution of radiocesium on land surface. Most such interpretations in the past have been discussed using bulk sediment data.
The initial chemical species of the airborne radiocesium emitted from the FDNPP remain to be under controversy (Kaneyasu et al., 2012; Adachi et al., 2013) . However, in a previous study, we reported that at least 50-90% of the airborne radiocesium was water-soluble (Tanaka et al., 2013) . Once radiocesium dissolves in meteoritic water, it must follow the behavior of stable Cs ( 133 Cs), which is originally distributed on earth, in its interaction at the solid-water interface. Therefore, the distribution of 133 Cs is important for understanding the behavior of radiocesium in the environment (Wampler et al., 2012; Fan et al., 2014a; Saito et al., 2014; Tanaka and Watanabe, 2015) . Moreover, bulk chemical compositions of sediments are determined by their mineralogical compositions. Therefore, the relationship between the chemical composition and the mineralogy in different particle size fractions needs to be studied to better understand the size distribution of radiocesium. The relationship between 133 Cs and radiocesium and the resulting distribution of Cs is likely to help predict the behavior of radiocesium in presently uncontaminated areas. In this study, we focus on the relationship not only between 133 Cs and radiocesium but also between mineralogy and alkali elements (K, Rb, and Cs). The objective of this study is to discern the influence of mineralogical composition on the size distribution of 133 Cs and radiocesium in the sediments. Thus, in this study, we compare the mineralogical and chemical compositions of the riverbed sediments at pasture and Kuroiwa sites as shown in Fig.  1 .
SAMPLES AND METHODS

Samples
In this study, riverbed sediments were collected from the Kuroiwa and pasture sites at the Abukuma River system in Fukushima ( Supplementary Fig. S1 ). As shown in Fig. 1 , the sediments were originally collected to investigate the size distribution of FDNPP-derived radiocesium .
for our previous study . The Kuroiwa site (N37∞43¢36≤, E140∞28¢22≤) is located in the midstream region of the Abukuma River catchment area. Sampling of sediments was carried out on September 16 and November 26, 2012. Sediment samples were collected at the riverside sandbar with surface dimensions of 25 cm ¥ 25 cm and a depth of 5 cm. Bank revetments protect both the riversides at the Kuroiwa site. Therefore, in comparison to the fluvial material transport from the upstream areas, the direct supply of particulate matter from the surrounding areas was very small. Since the sandbar was not submerged except when the river rose, the sediments were probably transported from the upstream areas during flood events.
The pasture site (N37∞34¢4≤, E140∞41¢48≤) is located in the upstream region of the Kuchibuto River which is one of the tributaries of the Abukuma River (Fig. S1 ). Sediment samples were collected from a small stream in the pasture on April 14, September 16, and November 26, 2012. Weathered granodiorite was exposed to large parts of the surface in the pasture and mineral particles of the weathered granodiorite were flushed into the stream by surface runoff. Thus, all the particle size fractions of the sediment had the same provenance (i.e., weathered granodiorite in the pasture).
We analyzed nine size fractions of the sediments which had been separated for the analysis of 137 Cs in our previous work : very coarse sand (850-2,000 mm), coarse sand (500-850 mm), medium sand (250-500 mm), fine sand (125-250 mm), very fine sand (63-125 mm), and four silt (40-63, 20-40, 10-20 and 2-10 mm) fractions. The details of the sample treatment, including size separation, should be referred to in . Large biotite grains were visibly recognized in the 850-2000 mm fraction of the sediments collected at the Kuroiwa site ( Supplementary Fig. S2 ). The biotite grains were separated by hand-picking and then pulverized with an agate mortar for chemical and activity analyses. As shown in Fig. 1 , 137 Cs concentrations in the sizefractioned sediments were already measured in . Additionally, the chemical compositions and the mineralogy of the sediments from the pasture site were reported in Fan et al. (2014a) and Tanaka and Watanabe (2015) . In the following sections, we describe the analytical procedures only for the new data obtained in this study. Brunauer-Emmett-Teller (BET) analyses XRD patterns were measured with a powder X-ray diffractometer (MultiFlex, Rigaku Co.) using CuKa radiation at 40 mA and 40 kV. The size-fractioned sediment samples from the Kuroiwa site were scanned from 5∞ to 65∞ at a rate of 2.0∞ min -1 and a step interval of 0.02∞ to identify possible minerals contained in the sediments. Sand fractions (>63 mm) were crushed and pulverized into fine powders with an agate mortar before the XRD measurement. Specific surface areas of the size-fractioned sediments from both the sites were determined with a BET analyzer (BELSORP-mini II, BEL JAPAN, Inc.) using the fivepoint N 2 -adsorption method. Pretreatment of the samples was performed at 110∞C for 90 min. Chemical analysis We analyzed concentrations of the major elements (Na, K, Ca, Mg, Al, Fe, Mn, P, and Ti), Rb and 133 Cs in size-fractioned sediments and biotite grain samples from the Kuroiwa site. Sand fractions (>63 mm) were crushed and pulverized into fine powders with an agate mortar to facilitate the subsequent sample decomposition. Forty milligrams of each sample were decomposed with 2 ml 38%-HF and 1 ml 70%-HClO 4 in a sealed Teflon vessel at 160∞C on a hot plate (Tanaka and Watanabe, 2015) . After evaporation to dryness, the same treatment was repeated to the residue with half the volume of the HF and HClO 4 . The acids were evaporated completely and the residue was dissolved in 1 ml of 34%-HNO 3 . After dilution of the decomposed sample solutions with 2% HNO 3 , the major elements were measured with an ICP-OES (iCAP 6300, Thermo Scientific, Waltham, MA, USA). Similarly, Rb and stable Cs concentrations in diluted solutions were measured with an ICP-MS (Agilent 7500; Agilent, Santa Clara, CA, USA) using In as an internal standard at the concentration of 1 ppb. Leaching experiments Leaching experiments of sizefractioned sediments from the Kuroiwa and pasture sites were conducted using 1 M CH 3 COONH 4 with pH 7 in September 2015, three years after the sampling. Each sediment sample was weighed and placed in a polypropylene tube. Sample weights ranged from 0.2 to 0.5 g for siltsize fractions and from 3 to 4 g for sand-size fractions. Subsequently, 1 M CH 3 COONH 4 solution was added to the tube to obtain a solid to solution ratio of 0.1 g/mL (i.e., 2-40 mL solution). The tubes were shaken for five hours at room temperature (22-24∞C) and the sediments and the solution were separated by centrifugation and filtration with a 0.2 mm pore-size membrane filter. Leachates were diluted with 2%-HNO 3 and the major elements, Rb and 133 Cs, were also measured with ICP-OES and ICP-MS. Cesium-137 concentrations in the leachates were determined with g-ray spectrometry. Measurement of radioactivity The radioactivity of biotite grains and leachates was measured using g-ray spectrometry employing a planar type Ge semiconductor detector (EG&G ORTEC Ltd., GMX30200). The Ge detector was connected to a multi-channel analyzer to monitor the g-ray emitted by 137 Cs at 662 keV. Powdered biotite and small amounts of leachate samples were loaded into cylindrical polystyrene containers with an inner diameter of 2.0 cm and a height of 4.5 cm. A container with an inner diameter of 5.0 cm and a height of 6.8 cm was used for large amounts of leachate samples. The detection efficiency on the geometry of a sample for biotite grains and leachates was calibrated using the IAEA QC material IAEA-444 and the activity standard solution CS010 issued by Japan Radioisotope Association, respectively. Counting time varied between 30,000 and 320,000 s, depending on 137 Cs concentration in the samples. The corresponding count rates were obtained between 9.0 ¥ 10 -4 and 7.9 ¥ 10 -2 cps along with a standard deviation better than 10% of the data values from counting statistics. The count rates were converted into radioactivities based on the detection efficiency. The activities were decay-corrected to sampling dates of the respective samples.
Methods
X-ray diffraction (XRD) and
RESULTS AND DISCUSSION
Mineralogy of size-fractioned riverbed sediment
XRD patterns for size-fractioned sediments collected on November 26, 2012 at the Kuroiwa site are shown in Fig. 2 , while those for size-fractioned sediments collected on September 16, 2012 are presented in Supplementary  Fig. S3 . The XRD patterns are displayed separately for low (5-15∞) and middle (20-35∞) angle regions to facilitate identification of minerals and comparison of mineralogical compositions among the different particle size fractions. Diffraction peaks around 8.7-8.8∞ were remarkable and corresponded to biotite, particularly in coarse sand (500-850 mm) and very coarse sand (850-2000 mm) fractions (Fig. 2a) . The diffraction peaks clearly indicate that the sediments from the Kuroiwa site are characterized by large biotite grains as shown in Fig. S2 . Small peaks around 6∞ suggest that the biotite grains are biotitevermiculite mixed layered minerals formed by chemical weathering (Zachara et al., 2002; Mukai et al., 2014) . Siltsize fractions also show small but significant diffraction peaks around 8.8∞ occurring from micaceous minerals such as (weathered) biotite and illite, while those around 6∞ were hard to be recognized as clear peaks. The peaks occurring at 12.3∞ are attributed to chlorite and/or kaolinite. Diffraction peaks occurring from hornblende are pronounced at 10.5∞, particularly in very fine sand (63-125 mm) and fine sand (125-250 mm) fractions. Clear sharp peaks, corresponding to quartz, were observed around 26.6-26.8∞ in all the size fractions (Fig. 2b) . Diffraction peaks occurring from plagioclase and K-feldspar were distinct between 27∞ and 28∞, particularly in sandsize fractions, although silt-size fractions showed smaller peaks.
Quartz, plagioclase, K-feldspar, biotite, hornblende, and clay minerals were identified in the sediments from the Kuroiwa site ( Fig. 2 and Fig. S3 ). The mineralogical constitution is typical of weathered granitic rocks (Nesbitt and Markovics, 1997) . The fact that these minerals were contained in the sediments is consistent with the geology of the Abukuma River system (Kamei et al., 2003) . All the identified minerals were also found in the sediments from the pasture site (Tanaka and Watanabe, 2015) . Moreover, the difference in mineralogical composition between the Kuroiwa and pasture sites is noteworthy. Diffraction peaks for K-feldspar in sand-size fractions were larger for the pasture site in comparison to the Kuroiwa site. Diffraction peaks for biotite for coarse and very coarse sand fractions at the pasture site were smaller than those at the Kuroiwa site. Although the XRD patterns show qualitative mineralogical compositions, it is evident that biotite and hornblende accumulated at the Kuroiwa site in coarse and fine sand fractions, respectively (Fig. 2a and Fig. S3a) . Moreover, the mineralogical compositions are clearly correlated with their chemical compositions as discussed below. Rb/Al and (c) 133 Cs/Al ratios are plotted against particle size. The average values of the three sampling dates (April 14, September 16, and November 26, 2012) for the pasture site, cited from Tanaka and Watanabe (2015) , are plotted with one standard deviations indicated by error bars. Data for biotite grains separated from sediments from the Kuroiwa site are also plotted. Alkali feldspars, JF-1, and JF-2, issued by the Geological Survey of Japan are cited from Imai et al. (1995) . Tanaka et al. (2015). b Data from Imai et al. (1995). c Data from Wampler et al. (2012) .
Relationship between mineralogy and the size distribution of alkali elements
The alkali elements K, Rb, and Cs are considered to be contained in aluminosilicate minerals such as K-feldspar, biotite, and the weathering products of clay minerals. Quartz does not contribute to the amount of alkali elements and solely dilutes components other than SiO 2 in sediments. In addition, plagioclase and hornblende, which contain little K, Rb, and 133 Cs, lower the ratios of K, Rb, and 133 Cs to Al. Therefore, Al-normalized abundances are useful to evaluate the contribution of each aluminosilicate mineral to the composition of alkali elements. Figure 3 shows the size distribution of Al-normalized alkali elements in the riverbed sediments from the Kuroiwa and pasture sites. Both the sites showed relatively constant K/Al ratios in silt-size fractions and the raitos increased with particle size in sand-size fractions (Fig. 3a) . Compared to the Kuroiwa site, the K/Al ratios were higher in the sand fractions from the pasture site. The Kuroiwa site had slightly lower Rb/Al ratios in the very fine sand (63-125 mm) and fine sand (125-250 mm) fractions than those in the silt fractions (Fig. 3b) . Furthermore, high Rb/Al ratios characterized the size distribution of Rb in the coarse (500-850 mm) and very coarse (850-2000 mm) sand fractions of the Kuroiwa site. The Rb/Al ratio of the pasture site showed similar distribution pattern as the K/Al ratio. Figure 3c highlights the differences in the size distribution of 133 Cs at the two sites. The Kuroiwa site showed high 133 Cs/Al ratios in the coarse and very coarse sand fractions and lowest 133 Cs/Al ratios in the fine sand fractions, whereas the 133 Cs/Al ratio decreased with increasing particle size at the pasture site. Wampler et al. (2012) and Tanaka and Watanabe (2015) reported that fine particle fractions of sediments contained larger proportions of 133 Cs. Such accumulation was attributed to Cs fixation in weathering products of clay minerals (Cremers et al., 1988; Bostick et al., 2002; Qin et al., 2012; Fan et al., 2014b) . Consequently, Cs is retained in clay minerals in fine particle fractions whereas K and Rb are released from primary host minerals, thus, causing fractionation of alkali elements during chemical weathering (Nesbitt et al., 1980; Wampler et al., 2012; Tanaka and Watanabe, 2015) . The degree of chemical weathering was correlated with particle size at the pasture site (Tanaka and Watanabe, 2015) and therefore, the size distribution of the alkali elements reflected chemical weathering well (Fig. 3) . In this context, it is noteworthy that enrichment of 133 Cs was observed in the coarse (500-850 mm) and very coarse (850-2000 mm) sand fractions of the Kuroiwa site (Fig. 3c) . The Cs enrichment is attributed to the contribution of large biotite grains with ~19 ppm 133 Cs which is higher than alkali Fan et al. (2014a) and Tanaka and Watanabe (2015) . . The 133 Cs data at the pasture site are from Fan et al. (2014a) and Tanaka and Watanabe (2015) . feldspars and muscovite (Table 1) .
Here, we assume that primary host minerals of the alkali elements in the sediments of the very coarse sand (850-2000 mm) fraction are K-feldspar and biotite. The K/Al ratio for the ideal chemical composition of K-feldspar (i.e., KAlSi 3 O 8 ) is 1.45. The reference materials of alkali feldspars, JF-1 and JF-2, issued by the Geological Survey of Japan, have K/Al ratios of 0.87 and 1.1, respectively (Imai et al., 1995) . The K/Al ratio of the separated biotite grains was ~0.4 ( Fig. 3a and Table 1 ). The slightly lower K/Al ratios for the 850-2000 mm fraction in comparison to the biotite grains at the Kuroiwa site could be attributed to dilution by plagioclase and little contribution from K-feldspar (Figs. 2 and 3a, and Fig.  S3 ). An intermediate K/Al ratio between the biotite grains and the ideal K-feldspar composition is consistent with mineralogical composition at the pasture site, where Kfeldspar, biotite, and plagioclase were identified (Tanaka and Watanabe, 2015) . Moreover, the size distributions of Rb and 133 Cs were characterized by the accumulation of biotite grains. The Rb/Al ratios for the 850-2000 mm fraction at the Kuroiwa site were lower than those of the biotite grains (Fig. 3b) , which indicates dilution by plagioclase as observed by the K/Al ratios (Fig. 3a) . The biotite grains and the alkali feldspars, JF-1 and JF-2, had similar Rb/Al ratios. Therefore, similar Rb/Al ratios of the 850-2000 mm fraction at the pasture site seem reasonable (Fig. 3b) . The 133 Cs/Al ratios of the biotite grains were much higher than those of JF-1 and JF-2 (Fig. 3c) . This clearly indicates that the contribution of biotite was very large in the 850-2000 mm fraction of the Kuroiwa site, while plagioclase contributed to lower the 133 Cs/Al ratios. It is noteworthy that the 133 Cs/Al ratio and, to a lesser degree, Rb/Al ratio declined in fine and very fine sand fractions of the Kuroiwa site (Figs. 3b and 3c ). As noted above, XRD peaks occurring from hornblende were pronounced in the fractions (Fig. 2 and Fig. S3 ). Thus, a large contribution of hornblende, containing little alkali elements, resulted in the low Rb/Al and Cs/Al ratios.
Mineralogical control of the distribution of 133 Cs and 137 Cs
The size distribution patterns of 133 Cs in the sediments . (Figs. 1 and 4) . This similarity suggests that the FDNPP-derived radiocesium was distributed into each . The 133 Cs data for size-fractioned sediments at the pasture site are from Tanaka and Watanabe (2015) . lated for size-fractioned sediments (Fig. 5) . Both two sites indicated a decrease in the Cs isotope ratio with increasing particle size. The isotope ratios for the finest fractions were an order of magnitude higher than the coarsest fractions. The FDNPP-derived radiocesium could have been initially adsorbed on the surface sites of micaceous minerals. In contrast, the stable Cs could have been present in the inner sites, i.e., interlayer sites of micaceous minerals and tectosilicate structure of K-feldspar, as well as at their surface sites. A higher contribution of the stable Cs in the inner sites could lower the bulk Cs isotope ratios in the coarser fractions (Fig. 5) . Therefore, surface area is an important factor for understanding the size distribution of radiocesium. At the same time, as noted above, the size distribution of the stable Cs and the radiocesium could be governed by adsorption reaction on mineral surfaces which is also controlled by mineralogy. Thus, we converted the activity concentrations of 137 Cs in Bq/g to adsorption densities in Bq/m 2 by normalization to specific surface areas for evaluation of the influence of mineralogical compositions (Fig. 6) . Analytical results of the specific surface areas are listed in Table 2 . If all the size fractions had the same mineralogical composition and provenance (i.e., the same amount of fallout radiocesium), their 137 Cs adsorption densities would be similar. At the Kuroiwa and pasture sites, the 137 Cs adsorption densities were relatively constant in silt-size (<63 mm) fractions, indicating that similar minerals, probably micaceous clay minerals, were the main host of 137 Cs (Fig.  2a and Fig. S3a) . In sand-size (>63 mm) fractions, the 137 Cs adsorption density decreased with increasing particle size at the pasture site, corresponding to decrease in clay minerals and weathered micas (Tanaka and Watanabe, 2015) . In contrast, a clear gap between silt-size and sandsize fractions was observed at the Kuroiwa site, which reflects a drastic change in mineralogy at the boundary ( Fig. 2 and Fig. S3 ). The lower 137 Cs adsorption densities in the sand fractions are probably attributed to lesser amounts of clay minerals and weathered biotite and the contribution of quartz, feldspars, and hornblende. Also, the gap could possibly reflect the difference in deposition densities of radiocesium at provenances, of which all the particle size fractions at the Kuroiwa site were not necessarily the same.
Desorption behavior of alkali elements and
137 Cs The results of the leaching experiments for alkali elements and 137 Cs are shown in Fig. 7 and Table 3 . Silt-size fractions showed high leaching rates for Mg, Ca, and Na relative to sand-size fractions ( Table 3 ), suggesting that cations were desorbed from clay minerals by ion-exchange with NH 4 + . In silt-size fractions, leaching rate was in order of K > Rb ª 133 Cs at both the sites. Leaching rates of 133 Cs in silt-size fractions were no more than 0.74 to 1% and 0.39 to 0.54% at the pasture and Kuroiwa sites, respectively. Similarly, in silt-size fractions, leaching rates of 137 Cs were only ~1% at the pasture site, and 1.4 to 2.9% at the Kuroiwa site. The very low leaching rates of 133 Cs and 137 Cs are attributed to strong fixation of Cs in phyllosilicate minerals (Cremers et al., 1988; Bostick et al., 2002; Zachara et al., 2002; Qin et al., 2012; Fan et al., 2014a, b) . FDNPP-derived radiocesium could reach equilibrium only with labile parts of stable Cs at mineral surfaces in a limited contact time. Thus, the isotope ratio of 137 Cs/ 133 Cs at the edge of the interlayer sites and the frayed edge sites of micaceous minerals would be higher than those of bulk mineral grains. In other words, leaching rates of 137 Cs would be larger than those of 133 Cs unless they approach isotope equilibrium within respective mineral grains. This was found to be the case at the Kuroiwa site, where leaching rates of 137 Cs were higher than those of 133 Cs in silt-size fractions (Figs. 7b and 8 ). In contrast, the leaching rates of 133 Cs and 137 Cs were very close in the silt-size fractions at the pasture site (Fig.  7a) , indicating similar 137 Cs/ 133 Cs ratios of leachates and the corresponding bulk size-fractioned sediments (Fig. 8) . This suggests that they nearly reached isotope equilibrium or at least 137 Cs moved from the edge to more inert sites, probably interlayer sites, due to slow fixation proc-esses (Saito et al., 2014) . It should be noted that the leaching experiments were conducted three years after the sampling as described above.
There is a clear gap in the leaching rates of 137 Cs between silt-and sand-size fractions (Fig. 7) . Overall, leaching rates of 137 Cs were higher in sand-size fractions than in silt-size fractions. Leaching rates of K, Rb, and 133 Cs decreased monotonically with increasing particle size at the pasture site (Fig. 7a) . On the other hand, leaching rates of K and 133 Cs mirrored the pattern at the Kuroiwa site. In short, 133 Cs indicated a convex pattern around the very fine sand (63-125 mm), fine sand (125-250 mm), and medium sand (250-500 mm) fractions, whereas K indicated a concave pattern (Fig. 7b) . In contrast to silt-size fractions, sand-size fractions showed higher leaching rates of 133 Cs than those of K except for the coarse and very coarse sand fractions of the Kuroiwa site. As mentioned above, biotite, K-feldspar, and clay minerals are the possible host minerals of 133 Cs. Higher leaching rates of 133 Cs suggest that 133 Cs may have been leached from K-feldspar selectively relative to K and Rb, due to less affinity of Cs for tectosilicate structure of K-feldspar than micaceous minerals, inferred from their 133 Cs/K ratio (Table  1) . However, it is unlikely that FDNPP-derived 137 Cs was initially adsorbed on K-feldspar. Therefore, the 137 Cs in sand-size fractions was probably leached from weathered biotite grains through ion-exchange. In any case, leaching rates of 137 Cs were higher than those of 133 Cs in sandsize fractions (Fig. 7) , indicating that isotope ratios of 137 Cs/ 133 Cs at mineral surfaces were higher than those of bulk mineral grains (Fig. 8) . As mentioned above, the very coarse sand fraction of the Kuroiwa site was characterized by weathered biotite grains (Fig. 2 and Fig. S2 ). We attempted to confirm the accumulation of radiocesium at edges of the weathered biotite grains using autoradiography. Unfortunately, it was unsuccessful because of the large interference of originally contained K (Table 1) .
Illite has strong adsorption sites with low capacity for Cs, i.e., frayed edge site (Cremers et al., 1988) . Vermiculite also shows strong adsorption affinity for Cs with relatively high capacity, but its affinity is weaker than that of illite (Fan et al., 2014c) . Thus, illite should have stronger fixation ability at low concentrations of Cs than vermiculite. Silt-size fractions showed stronger retention of 137 Cs in the leaching experiments than sandsize fractions (Fig. 7) . This is possibly attributed to the difference in their mineralogical compositions. XRD analysis suggested that silt-size fractions contained illite, whereas weathered biotite (vermiculite) is pronounced in sand-size fractions (Fig. 2 and Fig. S3 ; Tanaka and Watanabe, 2015) . It should be still noted that sand-size fractions, which contained small amounts of illitic clay minerals, retained more than 90% of 137 Cs in the leaching experiments (Fig. 7) . This indicates that radiocesium is strongly retained by weathered micaceous minerals (biotite-vermiculite mixed layered minerals) in sand-size fractions (Zachara et al., 2002; Wampler et al., 2012; Mukai et al., 2014; Zaunbrecher et al., 2015) .
CONCLUSIONS
We analyzed K, Rb, 133 Cs, and 137 Cs concentrations in size-fractioned samples of riverbed sediments collected in Fukushima. The size distributions of K, Rb, and 133 Cs reflected the mineralogy of the sediments, where primary host minerals for these alkali elements would be biotite, K-feldspar and clay minerals. Cesium-133 and 137 Cs showed similar size distribution in the sediments, suggesting that the FDNPP-derived radiocesium was distributed into each particle size fraction in response to the distribution of the 133 Cs controlled by mineralogical composition. Leaching experiments using 1 M CH 3 COONH 4 indicated that 137 Cs was fixed more strongly in silt-size fractions than in sand-size fractions. More than 90% of 137 Cs in all the size fractions was retained in leaching experiments. Weathered micaceous minerals could be the host of 137 Cs in sand-size fractions, whereas illite is likely to be the host in silt-size fractions. In this study, we demonstrated the strong retention of the FDNPP-derived radiocesium in a wide range of particle size fractions of sediments.
